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Introduction 46
For collision-free locomotion, animals constantly update the location of surrounding obstacles. 47
Experiment 1: Influence of high frequency playback on call emission pattern 101 102
For comparative reasons, in the present report, data from a previously published manuscript (Beetz et 103 al., 2018) are used. The echolocation behavior from eight bats was tested in experiment 1. We 104 investigated the influence of acoustic playbacks containing high frequency echolocation calls on the 105 echolocation behavior by presenting the bats one noisy and one silent corridor (Figure 2A ). The call 106 emission pattern emitted by the bat while flying in the noisy corridor (test trial) was compared with the 107 emission pattern as the bat flew under entirely silent conditions (training trial). The playback stimuli 108 represented repetitions of representative echolocation calls emitted by the tested bat during the training 109 trials. The played back echolocation calls were repeated in groups of five, ten, or twenty calls. The call 110 rate within the call groups was 66 Hz and the groups were repeated every 35 ms. Acoustic stimuli 111
were generated with a sampling rate of 384 kHz with an Exasound E18 sound card (ExaSound Audio 112
Design, Canada), and sent to an audio amplifier (Rotel power amplifier, RB-850, USA). The stimuli 113
were played with a sound pressure level of 80-90 dB re 20 µPascal (dB SPL). For analysis, a sequence 114 of two seconds from each trial was selected. Two seconds was usually the time window that the bats 115 needed to approach and land on the platform for each corridor. During the approach flight the 116 echolocation calls were intense enough to be easily detected by the microphone behind the platform. 117
This allows use to ensure that we did not miss any echolocation call emitted during this sequence and 118 that the recorded echolocation pattern represents the most "natural" one we could observe under these 119 paradigm settings. In total, 48 sequences, six (three training and three test trials) from each animal 120 were analyzed. Call emission pattern emitted during test and training trials were compared pairwise. 121
Thus, three pairs of "test" and "training" trials were compared for each animal. The influence of the corridor width on the echolocation behavior was tested in 21 bats. We modified 126 the flight room so that the bats could choose flying in a narrow (0.45 m) or in a wide (0.9 m) corridor 127 ( Figure 2B ). For each bat, we compared the echolocation behavior when flying in the narrow corridor 128 with the behavior elicited when flying in the wide corridor. Thus, two sequences of the recording, each 129 lasting 2 seconds, was selected for data analysis. 
141
For data analysis, the call emission time points were manually tagged in the software Avisoft SAS Lab 142 Pro (Avisoft Bioacoustics, Germany). The rest of the analysis, except the statistical analysis, was done 143 in a custom written script in Matlab 2014 (MathWorks, USA). Call groups were defined according to 144 the criterions of (Kothari et al., 2014) . A call group needs to be temporally isolated ("island 145 criterion"). A temporal isolation is fulfilled, when the preceding and following call interval of a call 146 group are 20% longer than the call intervals within a call group. The size of a call group, indicated by 147 the number of calls of the call group, is defined by the "stability criterion". For the fulfillment of the 148 "stability criterion", the call intervals within the call groups need to be invariant with 5% tolerance. 149
Note that doublets, i.e. call groups containing two calls, can only fulfill the "island criterion". For 150 defining triplets, quartets, quintets, or sextets, both criteria need to be fulfilled. 151
For statistical analysis, we used the software GraphPad Prism 7 (GraphPad Software, USA; * 152 p < 0.05; ** p < 0.01; *** p < 0.0001). Since the echolocation behavior in two conditions (control 153 versus test trials) were compared to each other, statistical tests were either based on non-parametric 154
Wilcoxon signed-rank test (W; in case of non-Gaussian distribution) or on parametric paired t-Tests 155 (in case of Gaussian distribution). 156
Results

158
We simulated three different scenarios, where the bats had to orient under highly demanding 159 conditions ( Figure 2 ). For the first experiment, we challenged the bats by presenting playbacks 160 consisting of echolocation calls while the bats had to fly and echolocate in a flight room (Figure 2A) . 161
The playback stimulus represented a sequence of echolocation calls that was recorded initially from 162 the tested animal. Since the playback stimuli were presented only in one of the two corridors, the bats 163 could choose between a noisy or silent corridor ( Figure 2A ). The influence of acoustic playback on the 164 echolocation behavior was tested in eight bats. Note that the behavioral results from the playback 165 experiment have recently been published elsewhere (Beetz et al., 2018 ) and the results are described 166 here only to compare the echolocation behavior across different scenarios. Not only acoustic signals 167 which may interfere with the echolocation system make collision-free echolocation challenging but 168 also the corridor width may affect the echolocation pattern. Thus, in the second experiment, we 169 challenged the bats by narrowing (0.45 m) one and widening (0.9 m) the other corridor ( Figure 2B) . 170
Under these conditions, 21 one bats were tested. For the third experiment, 16 bats oriented in a flight 171 room that had a cluttered and a non-cluttered corridor ( Figure 2C ). Here, both corridors were equal in 172 size but both differed by the presence or absence of clutter, represented by cord hanging as loops from 173 the corridor's ceiling. For all experiments, the bats had only two landing positions, one platform at the 174 end of each corridor. Behind the platforms, ultrasound sensitive microphones recorded the bats' call 175 emission patterns. Representative echolocation sequences for each paradigm are presented in figure 3 . 176
As it can be noted in figure 3 , the bats grouped their echolocation calls while flying in the flight room. 177
This can be seen by looking at the time points of call emission, indicated as black dots on top of each 178 sequence. The call group size and the call rate within the call groups, indicated by a reduced inter-call 179 time interval, increased when the bats oriented in the more challenging corridor. This adaptation 180 occurred irrespective of the nature of the challenge, i.e. during presenting acoustic playbacks ( Figure  181 3A), narrowing the corridor (Figure 3B ), or enriching the corridor with clutter ( Figure 3C ). The 182 tendency of grouping the calls was always higher in the challenging (noisy, Figure 3A ; narrow, Figure  183 3B; cluttered, Figure 3C ) than in the non-challenging corridor (silent, Figure 3A ; wide, Figure 3B ; 184 non-cluttered corridor, Figure 3C) . 185
In the challenging corridor, the bats significantly reduced the minimum call-interval (Figure  186 4A). Note that the amount of reduction in minimum call-interval was comparable for each of the three 187 experiments. This suggests that the reduction in minimum call-interval represents an adaptation to 188 echolocate under demanding conditions rather than representing an exclusive adaptation to avoid only 189 signal interference. The bats reduced the median call-interval only when orienting in the cluttered and 190 narrowed corridor ( Figure 4B ). Acoustic playbacks had no significant effect on the median call-191
interval. 192
The relative amount of calls emitted as groups did not vary between the three experiments or 193 between the challenging and non-challenging condition within each experiment ( Figure 5A ). About 194 two thirds of the calls were emitted in form of call groups irrespective of the task or its complexity. In 195 the challenging corridor, the bats reduced the call-intervals within the call groups resulting into a 196 higher call rate within the call groups ( Figure 5B ). The extent of call rate increase within the call 197 groups was comparable for each paradigm. This shows again that the call rate increase is not exclusive 198 to avoid jamming. By taking a closer look into the call group size, indicated by the amount of calls per 199 call group (two for doublet, three for triplet, four for quartet, five for quintet, and six for sextet), it 200 becomes clear that the bats emitted significantly more triplets in the noisy than in the silent corridor 201 ( Figure 5C ). In the cluttered and narrow corridors, the bats emitted significantly more quartets than in 202 the non-cluttered and wide corridors ( Figure 5D and 5E). Despite the difference in call group size 203 across the three experiments, it is noteworthy, that the tendencies of emitting larger call groups in 204 challenging than in non-challenging corridors was present in each of the three paradigms. and collision-free movements are quite challenging and some animals increase their sensory 210 acquisition rate (for review see: (Geva-Sagiv et al., 2015) ). For example, animals probing their 211 surrounding through olfaction, increase the sniffing rate when exploring novel objects (Kepecs et al., 212 2007; Welker, 1964; Wesson et al., 2008) . Humans increase the sensory acquisition rate by reducing 213 the rate of eye blinks (Bentivoglio et al., 1997; Shin et al., 2015; Shultz et al., 2011) . The present 214 results show that frugivorous bats of the species C. perspicillata adapt their sensory acquisition rate in 215 a context-dependent manner, when comparing between challenging and non-challenging conditions. 216
When flying in complex environments, e.g. narrow, cluttered, or noisy areas, the bats increase the 217 acquisition rate by reducing the minimum and median call intervals (Figure 4) , by decreasing the call 218 intervals within the call groups ( Figure 5 ) and by increasing the call group size ( Figure 5 ). All 219 adaptations were similar independent from the nature of the complex environment. Thus, the described 220 adaptations may allow the bats to orient collision-free in complex habitats, as it has been suggested for 221 insectivorous bats (Falk et al., 2014; Fawcett et al., 2015; Kothari et al., 2014; Kothari et al., 2018a; 222 Moss et al., 2006; Petrites et al., 2009; Sändig et al., 2014; Surlykke et al., 2009) . 223
Why do bats pattern echolocation calls into groups when orientation becomes demanding? 224
Why do they not simply increase their call rate without grouping the calls? Although there is no direct 225 evidence from C. perspicillata that allows to answer these questions, several scenarios seem possible. 226
i) The bats could use the pattern of the call groups to anticipate the correct echo pattern and to 227 associate the echoes to the corresponding calls (Kothari et al., 2018a; Wohlgemuth et al., 2016) . For 228 example, a bat emitting a call quartet expects to perceive four echoes with a comparable time pattern 229 as the call quartet. ii) Attentional phenomena often correlate with oscillations of brain activity in the 230 gamma range (higher than 30 Hz; Gregoriou et al., 2009; Gunduz et al., 2011; Sridharan et al., 2011) . 231
These oscillations can be imagined as alternating "up" and "down" states of brain activity where "up" 232 stands for high and "down" for low level of attention. The call rate within the call groups lies in the 233 range of 40-50 Hz which might improve stimulus processing by entraining neural activity in the 234 gamma range. Noteworthy, recent neurophysiological data from flying insectivorous bats 235 demonstrated, that the gamma power increases when the bats emit call groups (Kothari et al., 2018b) . 
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The authors declare no competing financial interests. condition. The bats decreased the minimum CI, under challenging conditions (black boxplots in A).
377
They decreased the median CI when navigating in cluttered and narrow corridors as (black boxplots in 378 B) as compared to non-cluttered and wide corridors (white boxplots in B). The presence of acoustic 379 playback does not result into a significant decrease of the median CI as compared to the silent 380 conditions. W = Wilcoxon signed rank test; t-Test = paired t-Test. * p < 0.05; ** p < 0.01; *** p < 381 0.0001 382 
